Introduction {#sec1}
============

Double-stranded RNA (dsRNA), when injected into or ingested by an organism or introduced into cells in culture, can specifically lower the level of the transcript of a target gene. This method, initially documented in *C.* *elegans* and named RNA interference, or RNAi, has become a very powerful tool to examine the role of individual genes ([@bibr10]; [@bibr19]). Among insects, injections of RNAi in post-embryonic stages have been used successfully in the honeybee, *Apis mellifera* ([@bibr01]), the moths *Hyalophora cecropia* ([@bibr06]), *Spodoptera litura* ([@bibr15]), *Bombyx mori* ([@bibr18]) and *Manduca sexta.* ([@bibr12]), the mosquitoes, *Anopheles gambiae* ([@bibr14]) and *Aedes aegypti* ([@bibr04]), the fruit fly, *Drosophila melanogaster* ([@bibr11]), a grasshopper, *Schistocerca americana* ([@bibr08]), the red flour beetle *Tribolium castaneum* ([@bibr02] and [@bibr03], [@bibr17],) and a termite, *Reticulitermes flavipes* ([@bibr20]). Evidently, in some insect species, injected RNAi can move from the hemolymph into tissues or organs, where it then exerts its transcript-lowering effect, presumably by promoting degradation of the target mRNA. Extending this method to an aphid, and in particular, to the aphid salivary gland, is the objective of the work reported here.

Relatively long dsRNA is often used as an interfering RNA, but in two cases listed above ([@bibr12] and [@bibr20]) small interfering RNA (siRNA) was injected instead. siRNAs of 21-base pairs are highly effective in eliciting RNAi ([@bibr09]) and can be produced *in* *vitro* using the enzyme Dicer, a form of RNase III and the enzyme believed to produce siRNA *in* *vivo* ([@bibr05]).

Saliva is very important in the interaction between aphids and host plants. Proteins, including enzymes of aphid saliva have been postulated to play several roles, including the formation of a sheath around the stylets, the creation of an extracellular path by the stylet, overcoming plant defense and possibly stimulating plant defense in non-host plants ([@bibr13]; [@bibr07]). As transcripts of potential interest are found in cDNA libraries of aphid salivary glands, (for instance, among the roughly 4500 pea aphid salivary expressed sequence tags (ESTs) recently deposited at NCBI as accession numbers DV747494 through DV752010), a method will be needed to examine the importance of transcripts of individual genes, and RNAi is a potentially powerful approach for doing so.

The most abundant cDNA from a salivary gland cDNA library prepared from the pea aphid, *Acrythosiphon pisum.* (Reeck et al., unpublished observations), was selected as the target transcript for this study. This cDNA was arbitrarily designated Coo2 (i.e., Cluster 2). This transcript was also found, infrequently, among whole-body and whole-insect pea aphid ESTs, where there are 7 occurrences in approximately 17,800 such ESTs deposited at the National Center for Biotechnology Information ([@bibr16]). As a point of comparison, ESTs for cytochrome oxidase subunit-1, a widely distributed protein, occur over 160 times among the whole-body and whole-insect pea aphid ESTs. The translated nucleotide sequence of Coo2 does not match other sequences except in aphids, where there are matches to translated ESTs from *Aphis gossypii* and *Toxoptera citricida.* The entire open reading frame of the Coo2 transcript can be found at accession number CN763138. The encoded pea aphid protein includes a predicted signal peptide, and the protein is of entirely unknown function.

To test the efficacy of RNAi in aphids, siRNA coding for Coo2 was injected into adult aphids. It was found that injection of siRNA leads to knockdown of the Coo2 transcript level in salivary glands and results in a greatly reduced lifespan of the injected insects. These results provide the basis for the use of this technique in studies of other salivary transcripts and, possibly, transcripts in other organs.

Materials and Methods {#sec2}
=====================

Plants and aphids {#sec2a}
-----------------

Aphids were originally collected from alfalfa plants in the summer of 1999 by Dr. Marina Caillaud at Cornell University. Thereafter, the aphids were reared at KSU on fava beans (*Vicia* *fabae*) grown in pots (10 cm diameter) at room temperature under high intensity sodium lights with a L:D of 16:8. For the RNAi experiments, even-aged cohorts were established by collecting nymphs from young parthenogenetic females over a 24-h period. Cohorts formed in this way were maintained on plants for 7 days and then used for siRNA injections.

Preparation of dsRNA and siRNA {#sec2b}
------------------------------

PCR primers with T7 promoter sequences were used to prepare double-stranded RNA ([@bibr17]). For Coo2 RNA, the primers had the following sequences: 55′\--TAA TAC GAC TCA CTA TAG GGA AGT TA\--3′ and 5′\--TAA TAC GAC TCA CTA TAG GGA AAC TT\--3′ (forward and reverse, respectively). The two primers cover a region that extends from position 5 to position 637 in the open reading frame that, in its entirety, is 660 bases. Primers for green fluorescent protein RNA that were used in controls had the following sequences: 5′\--TAA TAC GAC TCA CTA TAG GGC GAT GC\--3′ and 5′\--TAA TAC GAC TCA CTA TAG GGC GGA CT \-- 3′ (forward and reverse, respectively). These cover a region of 520 bases in the open reading frame for the green fluorescent protein.

PCR products were gel purified using Qiaquick Gel Extraction Kit (Qiagen, [www.qiagen.com](www.qiagen.com)).dsRNA was then made using Megascript RNAi Kit (Ambion, [www.ambion.com](www.ambion.com)) following the manufacturer\'s protocol. dsRNA was purified using phenol:choloform xtraction. siRNA was generated from dsRNA using the Dicer siRNA Generation Kit T5200002 (Genlantis, <http://www.genlantis.com>) and purified using siRNA purification columns of Genlantis. Products of Dicer digestion were checked for size (21 -- 23 base pairs) on 15% acrylamide gels.

siRNA injections {#sec2c}
----------------

Glass needles (outer diameter of 1.0 mm, inner diameter of 0.50 mm; Sutter Instruments,<http://www.sutter.com>) were made using a micropipette puller (Model P-87, Sutter Instruments) at settings of: heat, 355; velocity, 50; time, 150. A PMI-200 pressure microinjector (Dagan, [www.dagan.com](www.dagan.com)) was used for siRNA injections. Aphids were held on their dorsa over a small hole in piece of plastic tubing (5 mm inner diameter) that was blocked at one end, held in place on a flat surface and connected at the other end to a small vacuum pump (Pro-Craft, Grobet USA, Carlstadt, NJ). Aphids were injected at the suture joining the ventral mesothorax and metathorax, at an angle of about 45 degrees, aimed toward the head of the aphid. We estimate that 5 nl of siRNA (10µg/µl) was injected into each aphid.

Leaves were cut from healthy, intact fava beans and put into a sterilized 2% agar (Fisher Scientific, [www.fishersci.com](www.fishersci.com)) supplemented with 0.1% Miracle Grow fertilizer and 0.03% methyl 4-hydroxybenzoate (Sigma-Aldrich, [www.sigmaaldrich.com](www.sigmaaldrich.com)) as a fungicide, essentially as described on the David Stern website (<http://www.princeton.edu/%7Edstern/PlatesProtocol.htm>) using Medicago leaves. About 7 ml of medium was placed in a Petri plate (100 × 15 mm) and one leaf was inserted into the agar as it cooled. One injected aphid was placed on each leaf. The plates were placed under GE Utility Shoplite with F48/25 watt/UTSL fluorescent lights, with 16:8 L:D, at a temperature of 23°C. Plates were checked several times a day for dead aphids, which were identified by lack of movement, being off the leaves and, after several hours, darkened coloration.

Examining transcript levels by RT-PCR {#sec2d}
-------------------------------------

Total RNA was isolated from individual pea aphid heads using TRI reagent (Molecular Research Center, Inc. [www.mrcgene.com](www.mrcgene.com)) following the procedure provided by the manufacturer. RNA was treated with DNase I (Ambion, [www.ambion.com](www.ambion.com)) following the company\'s instructions. AMV everse transcriptase was used with oligo-dT primers to synthesize single-stranded cDNA following the procedure in Technical Bulletin 099 of Promega. PCR was done using 5′\--CCA GTG CGA TAG CGA TAA TTT ACA AC\--3′ and 5′\--CAC CTC TCT TAT GAT GAA CGC CAA C\--3′ for C002 forward and reverse primers, respectively, giving a final product of 397 base pairs, and using 5′\--CCG AAA AGC TGT CAT AAT GAA GAC C\--3′ and 5′\--GGT GAA ACC TTG TCT ACT GTT ACA TCT TG\--3′ for ribosomal protein L27 forward and reverse, primers, respectively, giving a final product of 231 base pairs. The sequence of pea aphid L27 has accession number CN584974. Both primer pairs were used in each PCR, with L27 serving as an internal control. PCR was performed for one cycle at 95°C for 2 min followed by 26 cycles of: 95°C for 30 s, 54°C for 30 s and 72°C for 35 s. Primers were used at 0.3 µM and PCR master mix from Promega ([www.Promega.com](www.Promega.com)) was used in a final volume of 50 µl. PCR products were separated on 1% agarose gels prepared in 40 mM Tris-acetate (pH 8.3) and 1 mM EDTA. Ethidium bromide was added to a final concentration of 0.7 µg/ml before allowing the agarose to solidify. The gels were photographed under ultraviolet light and band intensities were obtained using SigmaScan\'s Pro5 image measurement software.

Results and Discussion {#sec3}
======================

Injection of siCoo2-RNA into adult parthenogenetic pea aphids led to greatly reduced life-span, as shown in [Figure 1](#f01){ref-type="fig"}. Aphids injected with siCoo2-RNA died well before control aphids injected with green fluorescent protein si-RNA. Half of the aphids injected with siCoo2-RNA had died at 3 days after injection whereas 11 days was required for death of half of the aphids injected with control si-RNA. The survival of uninjected aphids was similar to that of aphids injected with control si-RNA, indicating that the small injection wound was tolerated by the aphids and that injection of control siRNA and buffer components did not have a toxic effect.

RT-PCR was used to assess Coo2 transcript levels in RNA extracted from heads. The signal obtained by RT-PCR using head RNA as template is from transcripts in salivary glands, since using RNA from heads from which salivary glands had been removed by dissection gave no product in RT-PCR ([Figure 2c](#f02){ref-type="fig"}). RT-PCR data from individual injected aphids are shown in [Figure 2](#f02){ref-type="fig"}. Using the transcript for ribosomal protein L27 as internal control, we found that transcript levels from Coo2 dropped dramatically within 3 days after injection with siCoo2-RNA. On the other hand, in control si-RNA injected insects, Coo2 transcript levels, normalized to L27 transcript levels, did not change significantly.

![Survival of pea aphids after injection of siRNA. The graph shows the number of surviving aphids at daily intervals after injection. Green line and open triangles: injections with siCoo2-RNA. Red line and closed triangles: injections with siGFP-RNA (control). Blue line and open squares: uninjected insects. For the siRNA-injected insects, the data points are averages from three experiments, each of which began with 12 insects in the experimental and control groups. The bars depict standard errors.](f01_01){#f01}

Semiquantitative data from such measurements are plotted in [Figure 3](#f03){ref-type="fig"} (open triangles), where, for purposes of comparison of the timing, the decline in the number of live insects (from [Figure 1](#f01){ref-type="fig"}) is again shown. We note that the measurements of Coo2 transcript levels may somewhat overestimate the levels of the transcript and thus underestimate the timing of the knockdown, since in examining transcript levels only insects that were alive at each time point were used. Insects that had already died might well have had extensive knockdown of the Coo2 transcript.

These data demonstrate that siRNA injection into adult pea aphids can lower the transcript level of a target gene, Coo2, expressed in the salivary gland. The injections have a profound effect on lifespan, lowering the time to 50% survival from 11 days in control injections to about 3 days for injection of siCoo2-RNA. Several questions remain unanswered. Will the same procedure work for other salivary transcripts? There are no data at this time regarding this point, but we will soon undertake siRNA studies on other salivary transcripts. Will the same procedure work for lowering transcript levels in other organs? Again, there are no data on this point. Judging from results in other insects, it seems likely that gut ([@bibr15], [@bibr14], Arakane et al. 2005), fat body ([@bibr04], [@bibr01]) and hemocytes ([@bibr12]) would be sensitive to the effects of injected RNAi. Does siRNA enter aphid embryos developing within the injected adult female? We have not studied this systematically, but, informally, we have noticed that a significant fraction of nymphs from adults injected with siCoo2 RNA do die prematurely. This suggests the possibility that siRNA does indeed enter at least some embryos.

![Knockdown of the Coo2 transcript after siRNA injections. Insects were injected either with siCoo2-RNA or siGFP-RNA. RNA from heads of injected insects was used in RT-PCR in which two primer-pairs were included, for Coo2 itself and for the transcript encoding ribosomal protein L27. The L27 PCR product serves as an internal control. The results shown (agarose gels after ethidium bromide staining) are of individual aphids at time points from 1 to 5 days after injection. Panel A: PCR products from reactions (26 cycles) with head RNA from siCoo2-RNA-injected insects. Panel B: PCR products from reactions (26 cycles) with head RNA from siGFP-RNA-injected insects. Panel C: PCR products from reactions (26 cycles) carried out on RNA extracted from heads from which salivary glands had been removed. Analysis of samples from 4 separate insects are shown.](f02_01){#f02}

Unanswered by these experiments is the function of Coo2. We had no way of anticipating the profound effect of knockdown of the Coo2 transcript and in light of that effect, we will be investigating the function of Coo2 in ongoing experiments. One interesting piece of information that we have at this point is that siCoo2-RNA-injected aphids exhibit a peculiar behavior. Whereas uninjected aphids or aphids injected with siGFP-RNA stay quite still on the underside of the fava bean leaves, the siCoo2-RNA-injected aphids move around a good deal and do not stay confined to the underside of the leaves. Using electrical penetration graph methods we hope to understand the effect of Coo2 transcript knockdown on detailed aspects of the insects\' feeding behavior.

![Timing of knockdown of Coo2 transcript after siRNA injection. Data from RT-PCR analysis of Coo2 transcript levels (normalized against L27 transcript levels) are plotted over a several day period after injection with either siCoo2-RNA (blue line, closed triangles) or siGFP-RNA (red line, open squares). Data are averages of normalized intensities from several individual insects at each time point and bars depict standard errors. The green line (open triangles) shows the survival of siCoo2-RNA-injected insects from [Figure 1](#f01){ref-type="fig"}.](f03_01){#f03}

We thank our colleagues Subbaratnam Muthukrishnan, Michael Kanost and Maureen Gorman for valuable discussions and suggestions. This work was supported by USDA-CREES NRI grant 2001-35302-09975 and by the Kansas Agricultural Experiment Station (publication number 06-304-J). Aphids (voucher specimen number-173) were deposited at the Kansas State University Museum of Entomological and Prairie Arthropod Research.

RNAi

:   RNA interference

siRNA

:   small interfering RNA

dsRNA

:   double-stranded RNA

RT-PCR

:   reverse-transcriptase polymerase chain reaction

EST

:   expressed sequence tag
